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SUMMARY

An investigationhasbeenmadetodeterminetheeffectof’heat
transferon thepeakpressureriseassociatedwiththeseparationofa
turbulentboundarylayerona hdy ofrevolution(NACARBG1O)ata Mach
nwnberof1.61. Tests weremadeovera Reynoldsnumberrangefrom

. 11.6x 106to 34.8 x 106andwith0° to 120°F of cooling,whichcor-
respondstoa ratioofmodel-walltemperatureto stagnationtemperature
“ofO.* (zeroheattransfer)to 0.75. Thestagnationtemperaturewas

● approximately5700F absolute.Boundary-,layerseparationwasinduced
by mesmsofforward-facingstepsorcollarsat thebaseofthemodel
andchangesinheattransferwereobtainedby coolingthemodel.The
peakpressurerisewasdeterminedfromshockanglesmeasuredfrom
sch13.erenphotographs.

Theresultsindicatedlittleorno effectofheattransferonthe
shockauglesassociatedwithseparationand,hence,onthepeakpressure
riserequiredtoseparatea turbulentboundarylayer.Thetechniqueof
usirigshockanglestodeterminethepeakpressureriseforseparation
gaveaverageresultsthatwerein goodagreementwiththoseofprevious
investigationsinwhichmeasuredpressuredistributionswereemployed.

INTRODUCTION

.
Inrecentyearsa nwber of investigationshavebeenmadeof the

interactionsoftheshockandboundarylayerat supersonicspeeds.None
% of theseinvestigations,however,haveconsideredtheeffectofheat

transfer.lhasmuchas a largeproportionoftheflightsmadeat supersonic
speedsaremadewithoutachievingthermalequilibrium,a knowledgeofthe
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effectsofheattransferontheinteraction
layerwouldbe ofinterest.Suchknowledge
intheestimationof spoilereffectiveness,
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oftheshockandboundary
wouldbe ofvalue,forexample,
hingemomentsofflap-type F

controkwhenseparationispresent,andinletanddiffuserperformance.

As a consequenceofthisneed,a preliminaryinvestigationhasbeen
madeof theeffectofboundary-layercoolingonthepeakpressurerise
requiredto separatetheturbulentboundarylayernearthebaseofa
parabolicbodyofrevolution(NAC!ARM-10).Thetestsweremadeata Mach
numberof 1.61 overa ReynoldsnumberrangefromIL6 x 106to 34.8x 106,
basedonthedistancefromthemodelnosetotheflow:sepmationpointand
free-streamconditions,andwith0° to120°F of cooling,whichcor-
respondstoa ratioofmodel-walltemperatureto stagnationtemperature
of0.$6(zeroheattransfer)to 0.75. Thestagnationtemperaturewas
approximately570°F absolute.Boundary-layerseparationwasobtained —
by UE~S
thepeak
measured
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offorward-facingstepsorcolJ.arsattherearofthemodeland
pressureriseforseparationwasdeterminedfromshockangles
frm schl.ierenphotographs.

SYMBOLS

static-pressureriseacrossseparationshock

dynamicpressurebasedonlocalconditionsjustaheadofflow
separation

peak-pressure-risecoefficientacrossseparationshockfor
forward-facingstep

averageamountofmodelcooling,‘F

averagemodel-walltemperature,% absolute

stagnationtemperature,% absolute

ratioofmodel-walltemperatureto stagnationtemperature

Reynoldsnumberbasedondistancefrommodelnosetoseparation
pointandfree-streamconditions

Machnumber
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APPARATUSANDTEsTs

WindTunnel

ThetestsweremadeintheIangley4-by J-footsupersonicpressure
tunnelwhichisdescribedinreference1. Calibrationofthetest-section
flowat M= 1.61 indicatesa Machnumbervariationofabout*O.Oland
no significantflowirregularitiesinthestreamflowdirection.

Wdel andTechniques

Pertinentdimensions,constructiondetails,andthermocoupleloca-
tionsaregiveninfiguxelfor theNACARM-10modelwithoutfins. The
bdy hasa parabolic-arcprofilewitha basicfinenessratioof15. tie
pointedsternhasbeencutoffat 8L25 percentoftheoriginallength,
however,sothattheactualbcdyhasa lengthof n inchesanda mmdmum
diameterof4.096 inches.A detaileddescriptionofthemodelandthe
coolingtechniqueisgiveninreference1.

Detailsoftheforwsrd-facingstepsor collarsusedtoforceboundary-
layerseparationandoftheirlocationtithreferencetothebasicmodel
arealsogiveninfigure1. A photographofthemcdelwiththelargecol-
lsrinstalledispresentedasfigure2. Theratiosof theheightsof the
stepstotheboundary-layerthicknessthatexistedat thebaseoftheb~
withoutthestepswereroughly1:1and2:1forthesmalJandlargesteps,
respectively,fortherangeofReynoldsnunibersinvestigated.Boundary-
layerseparationoccurredat approximatelythe87- and92-percentbdy
stationsforthetwocollars,wherethepressuregradientonthebcdywas
nearlyzeroexperimentally(ref.2).

.
Thetestprocedureconsistedofadjustingthetunnelpressureto

providethedesiredReynoldsnumberandthencoolingthemodelbyinjec-
tionofliquidcarbondioxide.Whenthemodelhadcooledtoa reasonably
lowtemperature(thatis, AT= -lf?OOF),thecarbondioxidewasturned
offandschlierenphotographsandtemperaturedistributionsweretaken
at intervalsas themodelwarmedtoan equilibriumcondition.Whenthis
cooling-heatingcyclewascompleted,thetunnelpressurewasadjustedto
a newvalueandtheprocedurewasrepeated.

Rangeof Tests

Testsweremadeat M= 1.61 overa Reynoldsnumberrangefrom
u_.6 x 106to.34.8x X@, basedonthedistancefromthemodelnoseto the
pointofflowseparationandfree-streamflowconditions.!Tnecooling
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rangevariedfrom AT = 0°F to NT = -120°F,whichcorrespondstoa
rangeof ~/T. from0.96(zeroheattransfer)to0.75. Thestagnation
temperaturewasapproximately570°F absolute.

~

ActualJy,testsweremadetoReynoldsnumbersas lowas4 x l&,
basedonmodellength.Witha laiuinarboundarykyer at separation,
however,theseparation shockwassoweakandtheseparationphenomena
sodiffusedthatitwasimpossibletoidenti~theseparationshockand}
hence,to obtainanyquantitativedata. (Seefig.3 fortypicalschlieren
photographs.)Consequently,thedatainthisreporthavebeenlimitedto
conditionsforwhichtheboundarylayerwasknowntobe fullyturbulent

..—

at oraheadoftheseparationpoint.Inalmostallcasesthetypeof
boundarylayerattheseparationpointcouldbe establishedfromthe
schlierennegatives.ZheMnar boundarylayerappearsthimerendhas ““ -
a sharperboundarythantheturbulentboundarylayer.(Comparefigs.3,
4,and5qheadofboundary-layerseparationpoint.)

DataReduction

Thepeak-pressure-risecoefficientsassociatedwithboundary-layer
separationwereobtainedbymeasuringtheinclinationoftheseparation..__
shocksrelativeto themodelsurfaceandb~-computingtheequivalent
pressurerisethroughtheshockfortheexistinglocalMachnumberby use
ofthree-dimensional-flowequations.(Fordetailsofpeak-pressure-rise
coefficientsseeref.3.) Thepressuredataofreference2 wereusedto ,
determinethelocalWch numbersandthecorrespondinglocaldynamic
pressures.Onlythestraight-linepartoftheseparationshockoutside
theboundarylayerwasusedtodeterminetheshockangles.Thereisa b
questionabouttheabsoluteaccuracyofthepeak-pressure-risecoefficients
determinedby thistechnique.Theaccuracyoftheincrementalchangesdue

—

toheattransfer,however,isbelievedtobe sufficientforthispurpose.

RESULTSANDDISCUSSION

Sometypicalschlierenphotographsoftheboundary-layerseparation
phenomenawitha turbulentboundarylayerarepresentedasfigures4 and5.
TheeffectsofchangesinReynoldsnumberat zeroheattransferareshown
infigure4,andtheeffectsofheattransfer(boundary-layercooling)at
constantReynoldsnumberareshowninfigure5. Generalinspectionof
theseandotherschlierenphotographstakenduringthesetestsreveaJ+
thattheeffectsofReynoldsnumberandheattransfer,iftheyareexist-
ent,aresmall. .

TheeffectofReynoldsnunberonthepeak-pressure-risecoefficient
associatedwiththeseparationoftheturbulentboundarylayerisindicated ~ -
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infigure6. Thedatashowco~iderablescatter;thevariatiminthe
peak-pressure-risecoefficientwith R cannotbe determinedexactlybut

% itisindicatedtobe small.No effectduetocollarsizeisapparent.
me averagevalueof thecoefficientofabout0.44isequivalenttoa
pee&pressure-riseratio(ratioof staticpressurebehindtheshockto
thataheadoftheshock)ofa%out1.85(localMachnumber= 1.66).This
valueis infairlygoodagreementwithsomeresultsobtainedby meansof
pressuredistributionson spoilersinunpublishedtwo-dimensionaltests
madeintheLangley4-by 4-footsupersonicpressuretunnelandwiththe
experimentalresultsccmpiledinreference4. Hence,thepresenttechnique
ofdeterminingthepeak-pressure-risecoefficientforseWrationof the
turbulentboundarylayerappearstogiveresultsoftherightorderof
magnitude,sincetheseparationphenomenamaybe expectedtobebasicaMy
simi3arineithertwo-orthree-dimensionalflow.

!theeffectofheattransfer(boundary-layercooling)onthepeak-
pressure-risecoefficientassociatedwiththeseparati”bnof theturbulent
boundaryIayerispresentedinfigure7. DataforbothCOWS -d an
testReynoldsnumbersareincluded.Thereislittleorno effecton
@/ql duetoboundary-layercoolingforeitherthelargeorsmallcollar

andat anyReynoldsnumberforasmuchas 1.20°F of cooling(~/T. range
fromO.g6(zeroheattransfer)to 0.75).

SUMMARYOF RESULTS
.

.
An investigationhasbeenmadetodeterminetheeffectofheat

transfer(boundary-layercooling)onthepeakpressureriseassociated
tiththeseparationofa turbulentboundsrykyer ona bdy ofrevolution
(HACARM-10). Thetestsweremadeat a Machnumberof1.61overa Re~olds
numberrange,basedonthedistancefromthemodelnosetotheflowsepara-
tionpoint,fromU.6X 106to 34.8 x 106fora ratioofmodel-wa~
temperatureto stagnationtemperatureof0.96(zeroheattransfer)to 0.75. -
Thefollowingresultswereindicated:

1.Heattrsmsferhadlittleorno effectontheshockanglesassoci-
atedwithseparationand,hence,onthepeakpressureriserequiredto
separatea turbulentboundarylayer.
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2. Thetechniqueofusingshockanglestodeterminethepeakpres-
sureriseforseparationgaveaverageresultsthatwerein fairlygod
agreementwiththoseofpreviousinvestigationsinwhichpressure
distributionswereemployed.

IangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,February6,1957.
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Figare L.- NACAFM-I-Omodelandapparalmsforcooling.Alldimensions=e inincheswiless other-
wise indicated.
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Figure 2.- Lazge COIJ= mounted at base of NAM R&10 missile.
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R=5.8X 106,AT=-I(3fj0

R=II,6x(06,AT=-12”

R=l1.6X10G,AT==810

L57.164
Figure3.- !&pical schlierenstudiesofboun.dery-layersepsxationwith

laminmboundsrylayer.
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R=17.4XI06

R=27,8XIOS

R=34.8XIOS

Figme4
L-57-165

.- ScUierenstutiesshoti~ effectofRe~oMs numberonsepera
tim of’theturb~entbom~ layer. Small COUW zero heattrmsf~r

; .
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AT=OO

AT=.5p

AT=-120”
1 L-57.L66

Figure5.- Schlierenstudiesshowingeffectof coolingon sepsrtionof
8theturbulentboundarylayer.S@ co-; R = 23.2x 10 .
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Figure 6.- Effect of Reynoldsnumber on peak-pressure-rise
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